Interspecific crosses between Viviparus contectus males and V ater females were successful (53 per cent of intraspecific V ater fecundity), whereas the reverse combination was almost sterile (1.2 per cent of intraspecific V contectus fecundity). The hybrid offspring had a high survival rate (99 per cent in the first year) and a male-biased sex ratio (84 per cent males). F1 hybrids were fertile inter se and in all six backcross combinations tested. Some of the backcrosses had fecundities similar to intraspecific control crosses. Hybrid females produced more offspring in backcrosses with V contectus males than with V ater males, suggesting that the higher fecundity of V contectus as compared with V ater can be inherited paternally. The male-biased sex ratio of hybrids suggests that the female is the heterogametic sex in Viviparus. The male-biased sex ratio and the high fecundity of hybrids of both sexes in backcrosses are compatible with Coyne's (Coyne, J. A. 1992 Nature, 355, 511-515) hypothesis of a composite nature of Haldane's rule. The high fecundity of hybrids also implies that introgression may occur in natural populations.
Introduction
The reproductive success of hybrids when backcrossed to their parental taxa has two important implications. First, if hybrids are fertile, gene introgression may occur. This can be a problem when species are introduced into new habitats (Echelle & Connor, 1989) . Secondly, the fecundity of hybrids is usually lower than that of the parental taxa, which will result in selection against hybrids. Selection against hybrids is assumed to be a key factor in speciation, because reduced fitness of hybrids is an important isolating mechanism (White, 1978) . Selection against hybrids is also a precondition for reinforcement of sexual isolation, which is thought to be important after secondary contact of incipient species that have formed in allopatry (Noor, 1995) .
The freshwater snails Viviparus ater (Christofori & Jan) and V contectus (Millet) are sympatric in lakes and streams of northern Italy and hybridize in Lake Garda; allozyme patterns are compatible with the hypothesis of gene introgression between the two species in both directions (Porter & Ribi, 1994 ; Katoh & Ribi, 1996) . The two species can be distin-*Correspondence. E-mail: rihi@zoolmus.unizh.ch guished easily: V ater has a more elongated shell, whereas that of V contectus is wider and the whorls are more distinct. Both species attain 30-40 mm shell height. Viviparus ater has nine and V contectus has seven chromosomes in the haploid set, and chromosomes suggested to be involved in Robertsonian mechanisms make up approximately one-third of the total chromosomal length of both species (Rainer, 1963) . The sexes are separate and, in males, the right tentacle is enlarged and is used for sperm transfer to the female (Fretter, 1953) . The sex of adults can be identified easily by the shape of the right tentacle: slender and pointed in females, thickened and rounded in males. Both V ater and V contectus brood offspring internally. Viviparus ater first reproduce at 1.5-2 years old, and remain reproductive throughout their lives. Offspring (7-11 mm in shell diameter) are born throughout the summer but mostly in May and June. Individuals over 10 years old have been found (Ribi et al., 1986) , and the mean fecundity in Lake Zurich is 20 offspring per female per year (Ribi & Gebhardt, 1986) . Viviparus contectus first reproduce at 1 year old. They have smaller (4-7 mm) and more numerous offspring (30-60 female y) and tend to have a
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shorter life span than V ater (Trüb, 1990) . Both species hibernate in the sediment.
Matings between V ater and V contectus have been observed frequently, both in nature (Trüb, 1990) and in mating experiments (11 per cent of matings; Ribi & Porter, 1995) . From electrophoretic data of natural populations suggesting that introgression between the two species may have occurred (Porter & Ribi, 1994) , we expected that crosses between V ater and V contectus and their hybrids should not be completely sterile. On the other hand, given the extensive differences between the two species, we expected the fecundity of such crosses to be low. In this paper, we measure the success of interspecific crosses and the fecundity of hybrids between V ater and V contectus.
Methods
Relative hybrid and backcross fecundities were estimated in a breeding experiment. Viviparus ater were collected by scuba diving in 1986 at Lazise on Lake Garda, Italy, and also from Goldbach, Lake Zurich, Switzerland (where V contectus is absent). Viviparus contectus was collected at the same time at Lazise. We used only snails with shell shapes typical of V ater or V contectus. Nevertheless, unrecognized hybrids may have been present in the samples from Lake Garda. Although first generation hybrids can usually be recognized by their shell shape, some individuals may closely resemble V contectus, and backcross hybrids are often indistinguishable from the parent species with which they share the majority of genes. As the frequency of hybrids in natural populations is low (<1.4 per cent, Katoh & Ribi, 1996) years (four females per cage). All cages were submerged 3 m in Lake Zurich, examined weekly by scuba diving and unclogged by scraping away excess algae; the snails were fed with cooked carrots. Cages for adults were scanned for mating pairs and, for 2 years, offspring were counted and removed from each cage.
F2 and backcross generations followed the same protocol, except that the cages contained only one pair each, and small offspring numbers from some F1 crosses precluded a symmetrical design. There were two types of hybrid x hybrid crosses and 11 types of backcrosses ( Table 1 ).
The offspring production of crosses using V ater from Lake Garda was compared with those using V ater from Lake Zurich by a two-way ANOVA testing aG, V ater from Lake Garda; aZ, V ater from Lake Zurich; cG, V contectus from Lake Garda; H, F1 hybrid with its parents (male x female) in brackets. Upper left, first generation crosses (bold, interspecific crosses; normal print, intraspecific control crosses); upper right and lower left, backcrosses; lower right, hybrid x hybrid crosses (F2). The numbers denote the number of cages containing two males and two females in the first generation (upper left), or one male and one female in the second generation (rest of table). Equivalent crosses using V ater from Lake Zurich and Lake Garda gave similar results and were pooled for subsequent analysis. Groups of equivalent crosses are circled and labelled by the symbols used in Table 3 . Ei for the effects of the lake and the type of cross. The data were log-transformed to normalize the distributions. Crosses using V ater from Lake Zurich did not differ significantly in offspring production from crosses using V ater from Lake Garda (Table 2) . Therefore, the data of equivalent crosses using V ater from the two lakes were pooled for subsequent analysis. A one-way ANOVA testing for an effect of the different types of crosses was performed, and differences between different crosses were judged by Fisher's protected least significance difference (PLSD) (Sokal & Rohlf, 1995) . During winter the snails buried themselves in the sediment layer (approximately 5 cm thick) that was provided in the cages. Four females died during the study (two V contectus of intraspecific control crosses, one V ater female of the Ha x a cross, and one hybrid female of the a x Ha cross). Their offspring were omitted from consideration.
Offspring survival was estimated by counting the snails still alive in the rearing cages at the end of the breeding season. In some cases females prematurely released embryos that were still in the egg. Such eggs, which appeared as white balls of a few mm in diameter, were recorded whenever observed.
Results
Mating pairs were observed for each type of cross. Females reared without males never reproduced. The average number of offspring per female in 2 years for each cross is shown in Fig. 1 . Offspring numbers in each year are given in Table 3 . The control crosses showed that V contectus females produced twice as many offspring as V ater females (Fisher's PLSD, P = 0.0013). Crosses between species had fewer offspring than intraspecific controls. Viviparus contectus males x V ater females had 53 per cent of normal V ater offspring production (Fisher's PLSD, P = 0.0075), whereas the reciprocal combination produced very few offspring, 1.2 per cent of observed V contectus reproduction (Fisher's PLSD, P<0.0001). There was thus a strong asymmetry in hybrid production between the two reciprocal combinations (Fisher's PLSD, P<0.0001).
F1 hybrids were fertile inter se and in all of the six backcross combinations tested (Table 3) . Two backcross combinations could not be tested because no female hybrids were obtained from the V ater males x V contectus female crosses. Females in hybrid x hybrid crosses had reduced fecundities relative to those of intraspecific control crosses of both species (Fisher's PLSD, P = 0.0002 for V ater, P'<O.OOOl for Vcontectus).
The fecundity of V ater females backcrossed to hybrid males was not significantly different from that of intraspecific controls (Fisher's PLSD, P =0.51 Error bars are one standard deviation, a, Viviparus arer; c, V contectus; Ha, hybrids whose mothers were V ater; Hc, hybrids whose mothers were V contectus. White bars, intraspecific control crosses; black bars, crosses between species; checkered bar, hybrid x hybrid crosses; dark-hatched bars, backcrosses of hybrids to V ater; light-hatched bars, backcrosses of hybrids to V contectus.
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and P 0.55 for hybrids with V ater and V contectus mothers).
There is evidence suggesting that fecundity may in part be inherited paternally in Viviparus. We can use the fact that V contectus has twice the fecundity of V ater in intraspecific crosses to analyse the fecundities of different types of backcrosses. Viviparus contectus females, when backcrossed to hybrid males whose mothers were V ater and whose fathers therefore were also V contectus, had fecundities typical of intraspecific V contectus crosses (Fisher's PLSD, P = 0.83). However, in backcrosses with hybrid males whose mothers were V contectus and whose fathers were V ater, the fecundity was significantly reduced with respect to intraspecific V contectus controls (Fisher's PLSD, P <0.0077). This suggests paternal inheritance of fecundity in V contectus.
Hybrid females backcrossed to males of either species had somewhat lower fecundities relative to intraspecific control crosses in the first year, whereas in the second year their fecundities were close to those of the intraspecific control crosses of the species of the male (Table 3) . Hybrid females, when crossed to V contectus males, produced more than twice as many offspring than hybrid females crossed to V ater males (Fisher's PLSD, P = 0.0011). This is additional evidence that the difference in fecundity between the two species may be inherited paternally.
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Juvenile survival during the first summer was >93 per cent for intraspecific control crosses, 99 per cent in F1 hybrids, and 75 per cent in F2 and backcrosses (Table 3 ). In backcrosses, we observed 18 aborted eggs during 1990. Because diving took place once a week and aborted eggs decomposed within 1-2 days, the total number of aborted eggs was probably higher. If an average decomposition time of 1.5 days is assumed, the total number of aborted eggs would have been 84, compared with 933 live offspring from backcrosses in 1990. Hence, a frequency of aborted eggs of between 5 and 10 per cent can be estimated. This suggests that there is selection against backcross hybrids before they are born.
The sex ratio of intraspecific control crosses was near 1:1 for both species, but biased towards males in F1 hybrids (84 per cent males, f = 82.3, P<0.001, Table 3 ). A male-biased sex ratio appeared to persist into the F2, but could not be tested because of small sample sizes. No sex ratio bias was detected in backcrosses (Table 3) .
Discussion
The main results of the present study are, first, that V ater and V contectus produce viable hybrids, and that both male and female hybrids are fertile; secondly, that there is a strong asymmetry in the fecundity of reciprocal interspecific crosses, and a male-biased sex ratio in the F1 hybrids.
The ease with which the two species can be crossed and the relatively high fecundity of the hybrids is unexpected. In Drosophila, successful crosses between species, although frequent, have been restricted to pairs of closely related species (Bock, 1984) . In Europe, five species of Viviparus are presently recognized, and several additional taxa of uncertain status have been mentioned (Bourgignat, 1862) . Of all these, V ater and V contectus may be the most distinct species-pair of the group, and they have been suggested as belonging to different genera (Chernogorenko, 1992) . They have different shell morphology (Franz, 1932) , different chromosome numbers (Rainer, 1963) , and Nei's genetic distances between two V ater populations and three V contectus populations varied between 0.600 and 0.773 (S. Oertli, unpubi. data). In Drosophila, most species pairs with genetic distances of 0.6 had a postzygotic isolation index of 0.75 or 1, meaning that at least three out of four hybrid sexes obtainable from both reciprocal crosses were either completely sterile or completely inviable (Coyne & Orr, 1989) . Viviparus ater and V contectus have a sterility index of 0.25, because one cross (V ater male x V contectus female) produced fertile male but no female hybrids, whereas the reciprocal cross produced fertile hybrids of both sexes.
Although allozyme data from sympatric populations of V ater and V contectus are compatible with the hypothesis of gene introgression, data from allopatric populations of the two species could be explained either by past introgression and subsequent range expansion of one or both of the species, or by shared ancestry of alleles (Katoh & Ribi, 1997) . The results of the present study do not allow us to distinguish between the two possibilities, but they do show that introgression cannot be ruled out. Because the two species often mate with each other in nature (Trüb, 1990) , and hybrids have been found in natural populations (Katoh & Ribi, 1996) , the demonstration that hybrids are fertile in backcrosses with both parental species makes introgression a real possibility. Barton & Bengtsson (1986) showed that genes not subject to sexual selection may, in theory, easily introgress from one species into another unless the fecundity of hybrids is very low. Previous work on Viviparus showed that behavioural patterns and ecological conditions of the two species, where they co-occur, do not constitute effective barriers to introgression (Porter & Ribi, 1994; Ribi & Porter, 1995) . The low mortality of hybrids after birth and their relatively high fecundity in many of the backcrosses reported in this paper suggests that introgression may indeed be substantial, especially in places where one species is more abundant than the other (Porter & Ribi, 1994) .
We nevertheless found evidence of selection against hybrids: (1) a reduced fecundity of interspecific crosses; (2) a male-biased sex ratio of F1 hybrids; (3) abortion of embryos in backcrosses; and (4) a reduced fecundity of hybrids in some of the backcrosses. Of these, the first is by far the most important, especially in the V ater male x V contectus female cross, which proved to be almost sterile.
According to Haldane's rule (Haldane, 1922) , which states that it is usually the heterogametic sex that is rare or absent among hybrids, the heterogametic sex in Viviparus should be the females, because the sex ratio of hybrids was male-biased. Preliminary results of an investigation of both sexes indicate the existence of heteromorphism in females on chromosome 8 in V ater and on chromosome 6 in Vcontectus (J. Barsiene, unpubl. data). Coyne (1992) suggested that Haldane's rule is a composite phenomenon that requires separate explanations for hybrid inviability and hybrid sterility. In a recent review Wu ci' aT. (1996) identified three different forces affecting hybrid fitness reductions in animals. Table 1 of their paper shows that species with heterogametic females (birds and Lepidoptera) follow Haldane's rule with respect to hybrid inviability in 90 per cent of reported cases. In the case of hybrid sterility the match is 100 per cent.
Assuming that in Viviparus the females are the heterogametic sex, they are following Haldane's rule with respect to viability only: the sex ratio of hybrids was male-biased (84 per cent of hybrids were male). There appears to be no asymmetry with respect to hybrid fecundity. Both male and female hybrids are fertile, and fecundity differences between different backcrosses are related to the species of the non hybrid parent (V ater or V contectus), and not to the sex of the hybrid (both male and female hybrids produced similar numbers of offspring when backcrossed to the same parental species) for the three types of hybrids obtained from the interspecific crosses. The observation that there is an asymmetry in hybrid viability but not in hybrid fertility is in agreement with the notion of a composite nature for Haldane's rule. However, it contrasts with previous data in that no such case has yet been reported in species with heterogametic females.
Vivtpanis contectus females had a lower fecundity in interspecific crosses than V ater females. This may be because of a chromosomal or developmental
The Genetical Society of Great Britain, Heredity, 79, 418-423. limitation to hybridization that is more pronounced in V contectus females than in V ater females. In conclusion, we think that V ater and V contectus are genetically different from each other to such a degree that they are unlikely to merge, even if substantial introgression should occur.
